Seed coat color in soybean is determined by four alleles of the classically defined I (inhibitor) locus that controls the presence or absence as well as the spatial distribution of anthocyanin pigments in the seed coat. By analyzing spontaneous mutations of the I locus, we demonstrated that the I locus is a region of chalcone synthase (CHS) gene dupllcations. Paradoxically, deletions of CHS gene sequences allow higher levels of CHS mRNAs and restore pigmentation to the seed coat. The unusual nature of the I locus suggests that its dominant alleles may represent naturally occurring examples of homology-dependent gene silenclng and that the spontaneous deletions erase the gene-silencing phenomena. Specifically, mutations from the dominant i' allele (yellow seed coats wlth pigmented hila) to the recessive i allele (fully pigmented) can be associated wlth the absence of a 2.3-W Hindlll fragment that carries CHS4, a member of the multigene CHS family. Seven independent mutatlons exhibit deletions in the CHS4 promoter mgion. The dominant I allele (yellow seed coats) exhibits an extra 12.1-kb Hindlll fragment that hybridlzes with both the CHS coding region and CHSí promoter-specific probes. Mutatlons of the dominant I allele to the mcessive i allele (pigmented seed coats) give rise to 10.4-or 9.6-kb Hindlll CHS fragments that have lost the duplicated CHSí promoter. Finally, gene expression analysis demonstrated that heterozygous plants (//i) wlth yellow seed coats have reduced mRNA levels, indlcatlng that the 12.1-kb Hindlll CHS fragment associated with the dominant I allele inhibits pigmentation in a trans-dominant manner. Moreover, CHS gene-specific expression in seed coats shows that multiple CHS genes are expressed ln seed coats.
INTRODUCTION
The I locus (inhibitor) controls the presence or absence as well as the spatial distribution of anthocyanins and proanthocyanidins in the epidermal layer of the soybean seed coat. The dominant I allele inhibits pigmentation, allowing the mature seed to have yellow seed coat color, whereas the recessive i allele confers a pigmented seed coat phenotype. Two other alleles of the I locus, iiand ik, give rise to pigmentation of the hilum and a saddle-shaped region, respectively. The dominance relationship between the alleles of the I locus are I > ii > ik > i.
Thus, the absence of anthocyanin pigment is dominant to the presence of pigment, as determined by the I locus alleles (reviewed in Bernard and Weiss, 1973) .
Analysis of near isogenic lines differing in respect to the alleles of the I locus have shown that in seed coats, the levels of cytoplasmic transcripts of two flavonoid pathway genes, PAL (phenylalanine ammonia-lyase) and DfR (dihydroflavonol reductase), do not vary between genotypes throughout seed development. However, chalcone synthase (CHS) steady state mRNA levels are substantially reduced in genotypes with eiCurrent address: Department of Botany, North Carolina State University, Raleigh, NC 27695. * To whom correspondence should be addressed.
ther the i' allele (pigmented hilum and yellow seed coat) or the I allele (yellow seed coat) at all stages of seed development (Wang et al., 1994) . Moreover, CHS enzyme activity levels are reduced sevenfold to 10-fold in seed coats that are homozygous for the I allele (yellow seed coat) or the ii alleie (pigmented hilum and yellow seed coat) when compared with enzyme activity levels in homozygous recessive (ili) genotypes. Multiple restriction enzyme polymorphisms also have been found in genomic DNA blots with a CHS probe (Wang et al., 1994) .
In soybean, CHS is encoded by a small multigene family composed of at least seven members. Three of the w e n members (CHSI, CHS3, and CHS4) are located in tandem within a 10-kb duplication region (Akada and Dube, 1995) . There is a high degree of amino acid identity among the members of the CHS family, with CHS proteins 1 to 5 showing >98% amino acid identity. Similarly, CHS genes 1 to 5 show >95% nucleotide sequence identity within the coding region.
A number of spontaneous, independent mutations from either the ii allele (pigmented hilum and yellow seed coat) or I allele (yellow seed coat) to the i allele (pigmented seed coat) have been preserved in the form of isogenic lines that differ only in respect to seed coat pigmentation. In this article, we show that CHS polymorphisms that represent duplication and deletions of specific CHS genes are correlated with many of The schematic diagram shows the pigmentation patterns specified by the four alleles of the I locus. The cultivars are homozygous for the allele indicated. The geographic location and time of origin of each independent spontaneous mutation in a given cultivar are shown. The L or T number of each mutation refers to the offical line designation used in the U.S. Department of Agriculture germplasm collection. The UC number is an internal laboratory number. The 10 mutations are divided into three types based on the effect of the mutation on the CHS Hindlll pattern, as determined by DNA gel blotting ( Figure 2 ).
these spontaneous mutations of the I locus. By using linkage analysis, we showed that the seed coat phenotypes cosegregate with CHS polymorphisms representing duplication or deletion events involving CHSl and CHS4 that are located within the 10-kb CHS cluster. We also determined that when a dominant / allele is combined with a recessive allele (i) in a heterozygous genotype (//i), CHS mRNA steady state levels are reduced as compared with those in the homozygous m ssive parent (Vi). Moreover, expression analyses, as determined by cDNA cloning and sequencing as well as qualitative reverse transcriptase-polymerase chain reaction (RT-PCR), suggested that multiple CHS genes are being expressed in both yellow and pigmented genotypes. In summary, our analysis of spontaneous mutations and linkage proves that the classical I locus in soybean corresponds to the multigenic region containing CHS7, CHS3, and CHS4. Paradoxically, duplications of CHS genes reduce the total level of CHS expression from the multigene family, and deletions restore a higher level of CHS expression. The dominant nature of the / alleles and their unusual effect on CHS expression suggest that this locus may be a naturally occurring example of homology-dependent gene silencing.
RESULTS

Many Spontaneous Mutations of the Dominant i' Allele to the Recessive i Allele Atfect the CHS4 Gene
We compared the restriction patterns of the CHS gene family in 10 pairs of isogenic lines that represent spontaneous mutations of the dominant ii allele (pigmented hila and yellow seed coats) to the recessive i allele (pigmented). These are designated as ii+i mutations. Figure 1 summarizes the phenotypes and alleles of the I locus and the origin of each i mutation in its progenitor cultivar. In general, the mutations arose in different varieties in different years and geographic locations.
The ii allele is dominant, and the seed coat color reflects the genotype of the mother plant because the seed coat is a maternal tissue. Thus, a heterozygous (ii/i) seed containing the original ii -. i mutation would produce a plant having yellow seed with black hila, and these would not be recognized as carrying a recessive i mutation. However, the next generation will produce some plants that are homozygous recessive i/i and thus are fully pigmented. These pigmented seed are recognized easily in the harvest of the inbred variety. For brevity, we refer to only one of the alleles of the I locus, that is, ii is used to indicate an $/ii homozygote. The soybean lines used in this study are homozygous for the allele indicated, unless otherwise noted. Figure 2A shows that a probe containing the open reading frame of CHSG detects six Hindlll fragments representing seven CHS genes in the cultivar Williams (Figure 2A , first lane).
Williams (i') DNA is used as the reference restriction fragment length polymorphism (RFLP) pattern because all CHS sequence data are based on this cultivar (Akada et al., 1990; Akada and Dube, 1995) . The CHS multigene family contains three genes that constitute a 10-kb duplication region (diagrammed in Figure 28 ) in the cultivar Williams (Akada and Dube, 1995) . CHSl and CHS3 are in head-to-head orientation; CHS3 and CHS4 are in tail-to-tail orientation. This 10-kb duplication region contains an internal Hindlll site giving rise to a 7.8-kb Hindlll fragment (CHS7 and CHS3) and a 2.3-kb Hindlll fragment (CHS4 ), as detected by use of a CHS open reading (A) Genomic DMA (10 ng) from cultivars having pigmented hila and yellow seed coats (/') and spontaneous mutations from these lines having pigmented seed (/') was digested with Hindlll, electrophoresed through a 0.7% agarose gel, transferred to nitrocellulose, and probed with the 2.0-kb Hindlll fragment from pC2H2.0. This fragment contains the open reading frame of CHS6 and hybridizes with all CHS genes. Lanes labeled Mutation represent spontaneous mutations from the indicated cultivar. The absence of a 2.3-kb Hindlll fragment was detected in seven independent mutations, of which six are shown here. The lengths of the fragments containing CHS genes are indicated, and the 7.8-and 2.3-kb Hindlll fragments that compose the 10-kb duplication region are marked by arrows. (B) Schematic representation of the 10-kb duplication region shows the relative orientations of CHSJ, CHS3, and CHS4, as marked by the directional arrows. Triangles indicate the regions of sequence data as entered in GenBank (Akada and Dube, 1995) . The black box in the enlargement of CHS4 shows the promoter region that was amplified by two primers, CHCODE and CHS4A2, which are denoted by the small arrows. This fragment was then purified and used as a hybridization probe for DNA gel blot analysis. The striped boxes denote exons. (C) Genomic DNA (10 ng) from cultivars with various / locus genotypes was digested with Hindlll, electrophoresed through a 0.7% agarose gel, and transferred to nitrocellulose. The CHS4 promoter was used as the hybridization probe. The 2.3-kb fragment indicated by the arrow represents CHS4. In the three pairs of near isogenic lines that represent mutations from the /' allele to the i allele (i.e., Clark 63, Lincoln, and Century), the recessive /' allele conferring seed coat pigmentation showed the absence of the CHS4 promoter. frame probe. The other four CHS bands represent independent CHS sequences that are not necessarily linked to the 10-kb duplication region. Figure 2A illustrates that many of the isogenic lines with recessive / mutations lacked a 2.3-kb Hindlll fragment when compared with the progenitor line. The absence of the 2.3-kb Hindlll fragment in the /' -»/ mutations indicates that a change has occurred in CHS4. To characterize these mutations further, the promoter of CHS4 was amplified by PCR, using primers that were specific for the CHS4 promoter sequence ( Figure  2B ), and used as a probe of the /' -/ mutations. A comparison of Figures 2A and 2C shows that the 2.3-kb Hindlll CHS band representing CHS4 was absent from all cultivars in which the / allele could be correlated with the absence of the 2.3-kb Hindlll CHS fragment, using the CHS open reading frame. Because the CHS4 probe represents a portion of the promoter of CHS4, this signifies that the mutation associated with the /allele in these cultivars involves the CHS4 promoter. Moreover, because the CHS open reading frame probe did not detect the open reading frame of CHS4 in the lines containing this type of mutation (Figure 2A ), it is likely that the open reading frame of CHS4 also may be affected by the mutation. Figure 1 summarizes the changes in the Hindlll patterns found in isogenic lines representing 10 independent, spontaneous mutations. Seven of the 10 mutations resulted in the same RFLP change, namely, the absence of the 2.3-kb Hindlll fragment. These events are designated as type I mutations. However, two of the 10 mutations showed no apparent change in the Hindlll RFLP pattern; these are designated as type II mutations. In the other near isogenic pair that was analyzed, the recessive / allele can be associated with the addition of a 9.4-kb Hindlll CHS fragment.
PCR Analysis Confirms Deletion of the CHS4 Promoter in /' -~ / Mutations
Next, we used PCR to determine which sequences of the CHS4 gene were affected by those / mutations that resulted in the absence of the 2.3-kb Hindlll CHS fragment. For this analysis, primers were designed to be specific for the promoter of CHS4, the 3' region of CHS4, or the intergenic region between CHS3 and CHS4. Thus, PCR amplification with INT3-4C (a primer specific for the CHS3 to CHS4 intergenic region) in combination with a primer designed to anneal to the promoter of CHS4 would span the internal Hindlll site residing in the 10-kb duplication region. Figure 3A shows that the correct-sized genomic fragment was amplified in all /' genotypes (pigmented hila and yellow seed coats) by using six pairs of primers spanning the open reading frame of CHS4. Conversely, the corresponding genomic fragments could not be amplified in genotypes containing /' mutations that also lacked the 2.3-kb Hindlll fragment. As shown in Figure 3B , the primer sets used to amplify the CHS4 region were designed to amplify the CHS4 promoter only (as with primer set CHS4A2-CHCODE) or the promoter, coding region, and a portion of the intergenic region (as with primer (A) PCR analysis was performed with six different primer sets, as indicated in Methods, with the annealing temperature of all reactions at 55°C. Lanes labeled Mutation represent spontaneous mutations from the indicated cultivar. Following PCR, the products were electrophoresed on a 0.7% agarose gel followed by staining with ethidium bromide. The primer pairs that were used are indicated, and the expected lengths (in base pairs) of the amplified products are shown. All genotypes homozygous for the recessive / allele (pigmented) that is associated with the absence of a 2.3-kb Hindlll CHS polymorphism showed the absence of the expected PCR product. In contrast, the correct fragment could be amplified from the ;' genotypes. (B) A schematic diagram of PCR analysis of CHS4 is shown. The relative orientations of CHS1, CHS3, and CHS4 are marked by the directional arrows. Triangles indicate the regions of sequence data as entered in GenBank (Akada and Dube, 1995) . The six PCR products that could be amplified from;' genotypes are shown in relation to the CHS4 gene.
set CHS4A2-INT3-4C). In combination with the DNA gel blot data, this experiment confirms that the promoter of CHS4 has been deleted in genotypes containing independent, spontaneous mutations from the /' allele (pigmented hila and yellow seed coats) to the / allele (pigmented seed coats). By using PCR, we could not determine how far the deletion event extends into the open reading frame of CHS4 because any primers designed to anneal to the CHS4 open reading frame will anneal to the other CHS genes due to nucleotide sequence identity.
The Dominant / Allele Is Associated with a Duplication of CHS7 Sequence That Is Deleted in / -/ Mutations
We also examined pairs of near isogenic lines representing mutations from the dominant / allele (yellow seed coats) to the recessive / allele (pigmented seed coats). Figure 4 illustrates the origins of the / -i mutations, and Figure 5A shows a DNA gel blot of representative Hindlll patterns. All genotypes with the dominant / allele contained an extra 12.1-kb Hindlll CHS fragment as compared with the standard six-band pattern from the cultivar Williams that has the /' allele ( Figure 2A , first lane).
Mutations from the dominant / allele have given rise to pigmented seed coats (/') and a corresponding shift in the molecular size of the 12.1-kb Hindlll CHS fragment to either a 10.6-or 9.4-kb fragment, or the fragment was lost altogether. As summarized in Figure 4 , a mutation from Richland (/) to T157 (/) resulted in a shift in size from a 12.1-to 10.6-kb Hindlll CHS fragment, whereas a mutation in the Clark-/ isoline revealed a shift from 12.1 to 9.6 kb. Moreover, mutations in Mandarin and Harosoy (/), resulting in pigmented seed coats (/'), showed no variant band after the loss of the 12.1-kb Hindlll fragment. Thus, independent mutations from the dominant / allele have given rise to shorter molecular length fragments or to the disappearance of the extra CHS fragment. A series of CHS gene-specific probes was used to determine the identity of the additional 12.1-kb Hindlll fragment associated with the dominant / allele. As seen in Figure 56 , a small fragment from the promoter of CHS7 was amplified from the standard Williams cultivar by using CHS7 gene-specific primers and then used as a probe for analysis of genomic DNA. Figure 5C shows that the CHS7 promoter probe hybridized with the 7.8-kb Hindlll fragment containing CHS7 and CHS3. Surprisingly, however, this probe also hybridized with the 12.1-kb Hindlll CHS fragment. This suggests that the additional 12.1-kb Hindlll CHS polymorphism found in all genotypes with the dominant / allele represents a duplicated CHS7
In all /genotypes that were mutations from an /' allele, the corresponding fragment could not be amplified. As shown, among each set of primers, one primer was anchored in the CHS4 promoter area and one primer was anchored within the CHS3-CHS4 intergenic region. gene that is not associated with CHS3 or CHS4. No other CHS gene-specific probes hybridized with this fragment, suggesting that the extra band contains an additional CHSI gene as compared with the standard six-band pattern found in Williams. In addition to the finding that the 12.1-kb Hindlll CHS fragment could be associated with a duplicated copy of the CHSl gene (designated as dCHSl), another more subtle result was revealed. Mutations from the dominant I allele to the recessive i allele showed a shift from the 12.1-kb Hindlll CHS band to a 10.6-or 9.4-kb Hindlll CHS fragment, as shown in Figure  5A . As seen in Figure 5C , the CHSl gene-specific probe did not hybridize with the 10.6-kb Hindlll CHS fragment (as in the mutation from Richland) or to the 9.4-kb Hindlll CHSfragment (as in the mutation from Clark). This suggests that the mutations from the dominant / allele (yellow seed coats) to the recessive i allele (pigmented seed coats) involve the loss of the dCHSl promoter region but retain at least part of the dCHS open reading frame. Also, as expected, the recessive i allele resulting from a mutation in the Clark 63 i' allele was not associated with a polymorphism; this is because the i' -, i mutation is associated with the deletion in the CHS4 gene (see Figure 2A ) and does not affect CHS1.
Yellow
Hllum color
Genetic Linkage between the I Locus and CHS
Polymorphisms
The observed variation in the 10-kb CHS duplication region in multiple, independent mutations of I that affect seed color phenotype suggests a cause and effect relationship. We also analyzed genetic isolines that were created by backcrossing either the / or i alleles into Clark. This cultivar has the ii allele and a CHS pattern similar to that of Williams. These isolines were constructed in the 1960s to 1980s and were selected only for the seed color phenotype and not for CHS patterns. Figure  5A and Table 1 illustrate, however, that the CHS polymorphism carried by the nonrecurrent parent was maintained in each Clark isoline after more than five generations of backcrossing. For example, the Clark-I isolines UC1, UC4, UC28, and UC31, which were created by backcrossing the I allele from the line T201, all show the presence of the 12.1-kb band that is characteristic of the T201 nonrecurrent parent. The CHS pattern of the recessive i allele also was maintained during creation of Clark-i isolines. As shown in Figure 5A , UC30 maintains the extra 9.4-kb Hindlll fragment characteristic of the type III rnutation of the UC3 nonrecurrent parent, whereas UC33 lacks the 2.3-kb Hindlll fragment that is characteristic of the type I mutation of the UC9 nonrecurrent parent. These results suggest a ciose genetic linkage of CHS to the I locus.
To demonstrate that the I locus is linked to the 12.1-and 10.6-kb Hindlll CHS polymorphisms, we analyzed an F2 population of the cross Richland (I; 12.1-kb Hindlll CHS fragment) x T157 (i; 10.6-kb Hindlll CHSfragment). A total of 54 plants was scored for seed coat color as well as the CHS Hindlll pattern, using the open reading frame probe. There was no recombination between the seed coat phenotype and the CHS polymorphisms in these 54 plants. Figure 6 shows that all plants having yellow seed coat color were either homozygous dominant ( I / / ) for the 12.1-kb Hindlll CHSfragment or heterozygous (I/i)for the 12.1-and 10.6-kb Hindlll CHSfragments. Achi square test for goodness of fit showed agreement with a 3:l segregation ratio (xz = 0.77; P = 0.4) for the alleles present at the I locus and a 1:2:1 segregation ratio (x2 = 0.91; P = 0.6) for the CHS Hindlll patterns.
Thus Table 1 , in which either the / or i alleles have been backcrossed into the cultivar Clark. The numbers below the gel indicate the UC number of each line, as given in Table 1 . (B) Schematic representation of the 10-kb duplication region shows the relative orientations of CHS1, CHS3, and CHS4 as marked by the directional arrows. Triangles indicate the regions of sequence data as entered in GenBank (Akada and Dube, 1995) . The black box in the seed coat phenotype as determined by the dominant / allele, we conclude that the addition of a duplicated CHS1 promoter in frans is sufficient for inhibition of pigmentation in heterozygous genotypes.
In addition to the population described above, we analyzed a second F ? population of a cross between homozygous /' genotype (pigmented hila and yellow seed coats) having the six-band CHS RFLP pattern and a type I homozygous / mutation (pigmented seed coats) that lacked the 2.3-kb Hindlll CHS fragment. In this second population, a total of 157 plants were scored for seed coat color as well as for the mutation in the CHS4 promoter, as detected by PCR. Again, in this population no recombination was detected between soybean seed coat phenotype, as determined by the / locus, and CHS polymorphisms, as detected by PCR (data not shown).
Steady State CHS mRNA Levels in Heterozygous Seed Coats (///') Are Reduced Compared with the Homozygous Recessive Genotypes (///')
To determine CHS mRNA levels in homozygous dominant (///) and heterozygous (///) and homozygous recessive (///) genotypes, RNA gel blot analysis was conducted using the open reading frame probe. For this analysis, heterozygous seed coats (///') from FI plants from the cross of Richland (///, yellow seed coats) to T157 (///, pigmented seed coats), as described above, were used. Figure 7 shows that the mRNA levels in heterozygotes (///') are the same as those in the Richland homozygous (///) parent; that is, in genotypes homozygous dominant (///) or heterozygous (///'), the CHS mRNA levels are significantly reduced compared with pigmented seed coats (///).
RT-PCR and cDNA Sequencing Reveal That Multiple CHS Genes Are Being Transcribed in the Seed Coat
Determination of which CHS gene(s) is transcribed in the seed coat would help to clarify the nature of the relationship between enlargement of CHS4 shows the promoter region that was amplified by two primers, CHCODE and CHS1A, which are denoted by the small arrowheads. This fragment was then purified from agarose and used as a hybridization probe for DMA gel blot analysis. (C) Genomic DMA (10 ng) from cultivars with various / locus genotypes was digested with Hindlll, electrophoresed through a 0.4% agarose gel, and transferred to nitrocellulose. The CHS7 promoter was used as a hybridization probe. One arrow denotes the 7.8-kb Hindlll fragment that contains both CHS7 and CHS3, and the other marks a 12.1-kb Hindlll fragment found in / genotypes. As expected, the CHS7 promoter hybridized with the 7.8-kb fragment representing CHS7 and CHS3 in tail-to-tail configuration. The CHS7 promoter also hybridized with the 12.1-kb Hindlll CHS polymorphism associated with the dominant / allele, indicating that it contains a duplicated sequence related to CHS7 (dCHS7). The 5' CHS7 probe did not hybridize with the 10.6-or 9.4-kb polymorphisms associated with / alleles when using the open reading frame probe (as given in [A]). the / locus and the CHS multigene family. Approaches to resolving this issue have been difficult due to the extensive homology in the 5', 3', and open reading frame of six of the seven CHS genes constituting the family. We decided to use qualitative RT-PCR analysis with primers designed to amplify individual CHS gene family members. For this analysis, primers were designed specifically for CHS7 to CHS4. Figure 8 shows the RT-PCR assay for CHS2. For these studies, two sets of genetic lines were used. The first set is an / •* i pair of isogenic lines represented by Richland (UC41, ///, yellow seed coats) and the T157 mutation (UC42, ///, pigmented). The second set is a pair of Clark isolines: Clark-/ (UC31) and Clark-/(UC33), as shown in Table 1 . In this case, the recessive / allele does not result directly from a spontaneous mutation of the / allele of UC31 but has been introduced by backcrossing a type I /' -» i spontaneous mutation that lacks a 2.3-kb Hindlll CHS fragment into the Clark cultivar.
RT-PCR was carried out with the gene-specific primers, and genomic DMA controls were carried out simultaneously to eliminate the possibility of contaminating DNA in mRNA samples. Figure 8 illustrates that CHS2 was amplified by RT-PCR in all genotypes. To confirm gene specificity of the CHS2 RT-PCR, the RT-PCR cDNA products as well as genomic DNA controls were blotted to nitrocellulose and sequentially probed with gene-specific probes. Only the CHS2 gene-specific probe hybridized with the RT-PCR products as well as the genomic DNA controls. Likewise, CHS7, CHS3, and CHS4 also were analyzed by RT-PCR with gene-specific primers and subsequent blotting of the RT-PCR product with a gene-specific probe. By using this analysis (data not shown), we found that CHS7 and CHS3 were detectable in seed coat mRNA of all genotypes. On the other hand, Figure 9 shows that CHS4 was amplified from the seed coat RNAs from Richland (/), T157 (/), and Clark (/) but not from mRNA in the UC33 line that contains the / allele resultant of a type I mutation in which the 2.3-kb Hindlll fragment is missing. Again, this confirms that the promoter and at least part of the coding region of CHS4 have been deleted in the type I mutations; that is, the primer designed to anneal to the CHS4 transcript in this genotype was unable to anneal due to a deletion in the 5' transcribed region of CHS4.
To confirm further that multiple CHS genes are expressed in the seed coats, primers were designed to conserved areas of CHS? to CHS6. These primers were then used for cDNA cloning, with the objective of cloning any CHS message (independent of CHS gene identity). For this analysis, mRNA from the Clark-/ isoline UC33 that contains a type I mutation that deletes CHS4 was used. After cloning, cDNAs were sequenced to determine CHS gene identity. Confirming RT-PCR data, one cDNA clone each of CHS7 and CHS3 and four clones of CHS2 were obtained. No CHS4 clones were obtained, a finding consistent with the RT-PCR results and the fact that the UC33 The F 2 population was created by a cross of Richland (/ genotype that contains the 12.1-kb polymorphism) with its spontaneous mutation T157 (recessive /genotype that contains the 10.6-kb polymorphism). Genomic DNA (10 ng) from each F 2 plant was digested with Hindlll, electrophoresed through a 0. 
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DISCUSSION
Deletions in the CHS4 Gene Are Associated with the Predominant Type of /' -i Mutation
All of our initial RFLP analysis was based on comparisons made to the cultivar Williams from which sequencing data have been obtained. In this cultivar, there are three duplicated CHS genes located within a 10-kb region (Akada and Dube, 1995) . RFLP analysis of mutations from the /' allele (pigmented hila and yellow seed coats) to the / allele (pigmented seed coats) revealed that a 2.3-kb Hindlll CHS fragment could be correlated with seven of 10 mutations of this type (Figures 1 and 2) . The 2.3-kb Hindlll CHS band represents CHS4, which is found on the 10-kb duplication region in tail-to-tail orientation with re-
RT-PCR of CHS2
Genomic PCR of CHS2 (A) Gel electrophoresis in 2% agarose of DMA products amplified either from genomic DNA or from RT-PCR products. Reverse transcription of mRNA with random primers was followed by PCR with primer set RT-CH2/CHSC-BR to amplify first-strand cDNAs from CHS2 transcripts. At the same time, PCR was performed with genomic DNA by using the same primer set to confirm that the RT-PCR products originated from CHS transcripts and not from genomic DNA. The lengths of the products are indicated at right in kilobases. The slight size difference between the RT-PCR products and the amplification products from genomic DNA is due to the presence of the 123-bp intron in the genomic CHS2 gene. UC numbers at the bottom refer to the exact line number of the cultivars and mutations shown at top.
(B) Autoradiography of the gel shown in (A) after transfer of the DNAs to a Zeta probe genomic membrane and hybridization with a CHS2 gene-specific probe. The CHS7, CHS2, CHS3, and CHS4 gene-specific probes were hybridized independently with the DNA gel blot, yet only the CHS2 gene-specific probe hybridized with the RT-PCR and genomic amplification products. class of mutations results in mutations in CHS4, this gene is a likely candidate for further analysis in this second class of mutations. An alternative hypothesis regarding this class of mutations is that they do not affect the CHS 10-kb duplication region but that they represent an alternative locus affecting seed coat pigmentation. Further genetic analysis is needed to dissect these two hypotheses. The third class of /' -/' mutations is one in which the resultant / allele can be associated with a 9.4-kb Hindlll CHS fragment. Interestingly, this is the same type of polymorphism associated with mutations in Clark from / genotypes (yellow seed coats) to / genotypes (pigmented seed coats). We cannot rule out the possibility that this Clark near isogenic line (/) may simply have been misclassified in the United States Department of Agriculture (USDA) germplasm collection and may actually represent an / -* i rather than an /' -* /' event. (A) Gel electrophoresis in 2% agarose of DNA products amplified either from genomic DNA or from RT-PCR products. Genomic PCR and RT-PCR were performed, and analysis is as described in Figure 8 , except that the primer set RTCHS4/CHSC-BR, which is specific for CHS4. was used. The lengths of the products are indicated at right in kilobases. The slight size difference between the RT-PCR products and the amplification products from genomic DNA is due to the presence of the 123-bp intron in the genomic CHS4 gene. UC numbers at the bottom refer to the exact line number of the cultivars and mutations shown at top. (B) Autoradiography of the gel shown in (A) after transfer of the DNAs to Zeta probe genomic membrane and hybridization with a CHS4 gene-specific probe. The CHS7, CHS2, CHS3, and CHS4 gene-specific probes were hybridized independently with the DNA gel blot, yet only the CHS4 gene-specific probe hybridized with the RT-PCR and genomic amplification products.
A gene-specific probe for CHS4 and PCR mapping confirmed that the CHS4 promoter region is missing from each of the seven /'-> / type I mutations that lacked the 2.3-kb Hindlll fragment ( Figures 2C and 3) . The entire promoter region of CHS4, including the 5' Hindlll site, appears to be missing in the type I mutations. Thus, paradoxically, gain of pigmentation could be correlated positively with a deletion in the CHS4 promoter sequence in seven of 10 independent, spontaneous mutations.
There were two other classes of /' -> i mutations. The type II mutations found in two pairs of isogenic lines resulted in no change in the Hindlll CHS pattern (see Figure 1) . Although there is no RFLP that could be associated with these recessive / alleles, it is possible that the mutations affect considerably smaller amounts of CHS nucleotide sequence, making them unamenable to RFLP analysis. Because the most prominent
Duplications and Deletions of CHS1 Are Associated with / -/ Mutations
Of the CHS gene-specific probes that were tested, representing the 5' regions of CHS7 to CHS4, only the CHS7 probe hybridized with the extra 12.1-kb CHS fragment associated with the dominant / allele (as seen in Figure 5C ). This suggests that the extra 12.1-kb Hindlll CHS fragment contains a duplicated CHS7 promoter. Moreover, because the CHS open reading frame probe also hybridized with this fragment, it suggests that there is an additional CHS7 gene in cultivars having yellow seed coats (/). Thus, the addition of the dCHS1 sequence is associated with the dominant / allele that confers even further reduction of seed coat pigmentation by inhibiting pigmentation in the hila, resulting in completely yellow seed coats.
Interestingly, the slightly smaller CHS fragments of 10.6 or 9.4 kb that result from / -> i mutations do not contain the dCHS1 promoter. Thus, mutations from a dominant / allele to a recessive / allele, allowing seed coat pigmentation, can be correlated with the loss of the dCHS7 promoter. Because the CHS open reading frame probe hybridizes to the 10.6-and 9.4-kb Hindlll CHS fragments, it appears that the open reading frame on the additional CHS fragment is not deleted completely by the mutation event. Moreover, our analysis of multiple independent / -* i mutations shows that at a minimum, 1.5 kb must be lost from the 12.1-kb fragment for pigmentation to be restored, as for example, in the / -» / mutation of the Richland/T157 isogenic pair.
The CHS Duplication Region Is the Molecular Basis of the Classical / Locus and Its Mutations
No recombination was detected between the seed color phenotype and the CHS polymorphisms in two populations of 54 and 157 F 2 individuals. This suggests that either the / locus is linked tightly to members of the CHS multigene family or that the / locus is represented by members of the CHS multigene family. The strongest evidence that the I locus is the 10-kb CHS duplication region is that independent, spontaneous mutations of i'+ i or I + i have occurred numerous times and both types of mutations involve CHS genes related to the 10-kb duplication region. That is, the additional dCHS7 gene correlated with the 12.1-kb Hindlll CHS fragment of the dominant I allele shows homology with the CHSl gene on the 10-kb duplication region, and the type I i'+ i mutations partially delete the CHS4 gene that resides on the 10-kb duplication region. Although we are uncertain of the exact physical location of the dCHS7 sequence associated with the dominant I allele, it seems likely that the dCHS7 sequence is located in close proximity to the 10-kb duplication region because no recombination is found between the 12.1-kb Hindlll fragment and the dominant I allele. Thus, the I locus does not represent a single CHS gene but instead a complex locus involving several CHS genes on a segment that is at least 10 kb.
The I locus affects only seed coat pigmentation and the deposition of proanthocyanidins in the seed coat (Xodd and Vodkin, 1993; Wang et al., 1994) . It does not phenotypically affect flower pigmentation, trichome color, or hypocotyl color. Thus, mutations in the CHS multigene family that alter seed coat pigmentation do not affect pigmentation in other plant parts. Given that there are seven CHS genes in soybean, it is likely that other CHS genes are responsible for pigmentation in other plant parts or that the complexity of the CHS locus can account for differential tissue-specific expression. Previous RNA gel blot analysis has indicated that CHSl is the sole CHS gene expressed in etiolated seedlings induced by UV light or fungal elicitors (Wingender et al., 1989) . Our results with RT-PCR and cloning of RT-PCR products clearly indicate that CHS7, CHS2, CHS3, and CHS4 are all expressed in seed coats of soybean.
Deletion of Specific CHS Genes Affects Expression of Other Membem of the CHS Multigene Famlly
Our results show that the presence of one copy of the 12.1-kb Hindlll CHS fragment with the dCHS7 sequence in heterozygous seed coats correlated with a reduction in the steady state CHS mRNA levels and a resulting yellow seed coat phenotype (Figures 6 and 7) . The structural difference between the 12.1-and 10.6-kb fragments in the heterozygous genotypes is the omission of 1.5 kb of sequence containing the duplicated CHS7 promoter. This provides evidence regarding the transdominant nature of the dominant I allele; that is, in trans, it can inhibit pigmentation by reducing CHS steady state mRNA levels. Suppression could occur transcriptionally or posttranscriptionally. Because the CHS open reading frame probe was made via random primer reaction, the RNA gel blot represents both sense and antisense messages found in the seed coats of these genotypes. Thus, both sense and antisense (if any are present) are reduced in the heterozygous as well as the homozygous dominant genotypes. Deletion within the dCHS7 promoter resulted in the 10.6-kb fragment and erased the suppression effect leading to restoration of higher levels of total CHS mRNA in the seed coats with homozygous i genotypes.
Although the data presented here show that multiple CHS genes are being transcribed, the data do not quantify which of the CHS genes is responsible for pigmentation in the soybean seed coat. In both i' + i and I -. i mutations, the levels of total CHS mRNA are increased, yielding pigmented seed coats. Whether the increase is due to an increase in one of the genes or an increased leve1 of several of the CHS genes is unclear. However, our data suggest that the increase must result from CHS7, CHS2, andlor CHS3 because the CHS4 gene is deleted and therefore is not expressed in the type I pigmented i genotypes containing higher levels of total CHS mRNA (Figures 8 and 9 ). This finding indicates a novel example of a deletion of a structural gene family member that increases expression from other members of the multigene family.
The I Locus Has Similarities to Homology-Dependent
Gene-Silencing Phenomena
We present an unusual example of control of gene expression and ultimately of phenotype that involves naturally occurring gene duplications and deletions. Although the mechanism of CHS mRNA suppression by the dominant I allele is unknown, the data presented here bear some similarities to the few reports that have implicated gene silencing by an increase in gene copy number in naturally occurring mutations. In snapdragon, the semidominant nivea (CHS) alleles that were derived from transposable element excisions can suppress, in trans, the wild-type NivC alleles, resulting in a reduction of CHS transcription (Bollmann et al., 1991) . The semidominant alleles of the nivea locus have an inversion of the promoter-leader sequence of a nivea gene as well as the addition of multiple nivea sequences.
The R-st allele of the complex regulatory R locus in maize has been shown to consist of four genes in tandem array. Unequal crossing over leads to a series of alleles with one, two, or three copies of the duplicated rgene Kermicle et al., 1995) . There is an inverse correlation of the near colorless phenotype produced by these alleles with the copy number of the duplicated rgenes, suggesting a copy number-silencing mechanism. The R locus is able to silence expression of certain alleles of the nonallelic, duplicated Sn locus that is 90% similar in sequence to the R gene (Ronchi et al., 1995) . There are no structural changes in the Sn alleles, but an increase in methylation of the Sn promoter is correlated with suppression of the nonallelic Sn gene. Methylation also is correlated with the presence of an inverted duplication of a PAI gene in the Wassilewskija strain of Arabidopsis (Bender and Fink, 1995) . When the PAIVPA14 duplication is deleted spontaneously by homologous recombination, a novel blue fluorescent mutant results because the unlinked PAI2 and PAI3 genes are expressed insufficiently. The mutant is unstable and reverts to normal phenotype at a low frequency, with a coordinate reduction in methylation and increase in steady state transcripts from the unlinked PAI2 and PAI3 genes.
Additional data suggesting the plausibility of a copy number-silencing phenomena comes from extensive research with transgenic plants. For instance, an attempt to overexpress CHS in petunia petals resulted unexpectedly in some transgenic plants that have completely white flowers. In this case, both the introduced CHS gene as well as the endogenous CHS gene were suppressed, thus reflecting cosuppression (Napoli et al., 1990) . Moreover, introduction of DFR genes into petunia also has resulted in reduction of gene expression in both the endogenous and introduced genes (van der Krol et al., 1990) . The molecular basis of the pigmentation patterns imparted by the ij(black hilum and yellow seed coat) and ik (black saddle) alleles is not known, but cosuppression in transgenic plants is known to lead to new pigmentation patterns in flowers (reviewed in Jorgensen, 1995) , and often there is a correlation with multiple copies of the transgene.
The dominant I allele in soybean inhibits seed coat pigmentation in a trans-dominant manner. Associated with this allele is a 12.1-kb Hindlll CHS fragment that contains an additional CHSl sequence. Spontaneous mutations of I -, i involve deletions within this 12.1-kb fragment, leading to loss of the dCHSl promoter. Surprisingly, it is the loss of the extra CHSl promoter that leads to increased CHS steady state mRNA levels and the restoration of pigmentation. Likewise, in i; -, i mutations, the deletion of the CHS4 promoter leads to increased CHSexpression, resulting in pigmentation. One form of homologydependent gene silencing is exhibited by the paramutagenidparamutable alleles of maize Matzke and Matzke, 1995) . The recessive alleles of the I locus do not appear to be paramutable; that is, pigmentation is inhibited only in the heterozygous condition with a dominant I allele. When the recessive i is separated from the dominant I allele, full pigmentation is conferred in the progeny.
Mechanisms of cosuppression and other forms of homologydependent gene silencing have been correlated with or postulated to involve antisense RNA production, DNA methylation, a biochemical switch, and/or chromatin changes (as summarized by Flavell, 1994; Jorgensen, 1995; Matzke and Matzke, 1995) . In transgenic plants, silencing effects have been associated with promoter homologies and transcriptional inactivation or coding region homologies and post-transcriptional regulation. Although further experimentation, including nuclear run-on experiments, is required to determine the precise nature of the mechanism(s) operating in the soybean seed coat, the data provided here show that the classical I locus is a region containing duplications of CHS genes. Paradoxically, our data also show that duplications of CHS genes suppress pigmentation and that deletions of CHS genes restore higher levels of CHS mRNAs, leading to pigmentation in the seed coats. The large collection of deletions in the CHS multigene family that erase the suppressive effect of the dominant I alleles on CHS RNA levels are unique. Our data suggest that the classical I locus and its mutations are natural examples of gene silencing operating within the complex regulation and evolution of a multigene family. DNA Extraction, Electrophoresis, and DNA Gel Blot Analysis All soybean genomic DNA was isolated from freeze-dried leaves via the methods of Dellaporta et al. (1983) with some minor changes. OPhenathroline (10 mM) was added as a nuclease inhibitor, the hexadecyltrimethylammonium bromide step was omitted, and the DNA was subject to cesium chloride gradient centrifugation. Soybean genomic DNA (10 pg) was digested with the indicated restriction enddnuclease and electrophoresed through a 0.4 to 2.0% (as indicated in the legends to Figures 2, 3 , 5, 6, 8, and 9) agarose gel in 1 x TBE (89 mM Tris, 89 mM boric acid, 2 mM EDTA).
METHODS
Plant Materlals and Genetic
After electropheresis, DNAs were blotted to nitrocellulose paper or Zeta Probe genomic membrane (Bio-Rad)viacapillaryaction with 10 x SSC (1 x SSC is 0.15 M NaCI, 0.015 M sodium citrate; and cross-linked with UV radiation via a UV Stratalinker (Stratagene). DNA gel blot analysis was performed according to the manufacturer's instructions if Zeta probe was used (Bio-Rad). For DNA blotting with nitrocellulase, prehybridization was conducted in 6 x SSC, 0.5% SDS, 0.1% BSA, 0.1% Ficoll type 400, 0.1% WP-360, and 100 pg/mL denatured calf thymus DNA for at least 1 hr at 68OC. After prehybridization, at least 2 x 107 cpmlmL of 32P-radiolabeled probe was added to the same buffer, and hybridization of the filter was performed overnight at 68OC. Filters were washed twice for 15 min with a lowstringency wash (0.1 x SSC, 0.5% SDS, 0.2% sodium pyrophosphate) at room temperature and then were washed a final time for at least 1 hr at 55OC in a high stringency wash (0.1 x SSC, OS0/o SDS, 0.1% sodium pyrophosphate). Blots were exposed to Hyperfilm (Amersham) at -7OOC with an intensifying screen (Du Pont).
RNA lsolation and RNA Gel Blot Analysis
Total RNA was extracted from seed coats from the designated weight class of seed by using phenol-chloroform and lithium chloride precipitation (McCarty, 1986; Wang et al., 1994) . RNAwas then stored at -70°C until use. For RNA gel blot analysis, 10 pg of total RNA containing 400 ng of ethidium bromide was electrophoresed through a 1.2% agamsg3%
